An enzyme-linked immunosorbent assay (ELISA) for detecting Staphylococcus aureus antibody in bovine milk samples was examined for repeatability. A set of 51 bovine milk samples from 4 universities with confirmed culture results was assembled, and a panel of 30 milk samples was randomly selected. When the selected panel was tested at the collection laboratory, there was 97% agreement between the ELISA and the culture test. The panel was tested with the ELISA by the 4 university laboratories. Results were scored by both visual and optical density reader methods. When compared to reference ELISA results, the university laboratory ELISA results showed an agreement of 99.8% for negative samples, 98% for positive samples, and 99% for all samples. Additional studies on 19 milk samples that cultured positive for bacteria other than S. aureus showed 100% specificity. Overall comparison of ELISA and culture results showed high agreement between the 2 techniques. Disagreement appeared to result from explainable differences in antibody and bacterial levels and not from errors in either of the 2 techniques.
Mastitis is an inflammatory disorder of the mammary gland that is the most costly disease of dairy cows. Most cases of contagious mastitis are caused by the bacterium Staphylococcus aureus. 3 Recently, an enzyme-linked immunosorbent assay (ELISA) was developed to identify cows with S. aureus intramammary infections by detecting S. aureus specific antibody in milk. 1, 2 The ELISA can be used on chemically preserved milk and does not require an aseptically collected milk sample.
The ELISA and culture of milk from S. aureus-infected cows showed a 95-98% agreement in comparison studies. 1, 2 The possible reasons for the small amount of disagreement (2-5%) between ELISA and culture are (1) differences in the timing of the onset of infection and the appearance of the antibody response, (2) errors in culture results, (3) errors in sample identification, cow identification and clerical procedures, and (4) errors in the repeatability, specificity, and sensitivity of the ELISA.
We report the repeatability of the ELISA for S. au-reus antibody in milk samples from 4 university laboratories and the specificity of the ELISA on 19 milk samples cultured negative for S. aureus and positive for other bacteria.
Materials and methods
Clinical specimens. Each of the 4 participating universities" identified at least 5 infected cows from known S. aureusinfected herds and at least 5 cows from known S. aureusfree herds. Cows selected were > 30 days fresh and produced more than 30 pounds (14 kg) of milk per day, to avoid milk samples containing serum antibody.' About 500 ml of composite sample foremilk, 125 ml from each quarter, was collected aseptically from each cow. Clinical observations of animals were taken at the time of sample collection. A sample was aseptically removed, and culture and somatic cell count (SCC) analysis was performed on each sample by the collecting laboratory. The remainder of the 500 ml was shipped frozen overnight on dry ice to VMRD, Inc., which served as the central collection laboratory in the study. Sixty-four samples were collected from 64 different cows for possible use in the sample set.
Culture test. Basic procedures for culturing milk samples and for identification of isolates were performed in accordance with National Mastitis Council (NMC) established procedures. 4 All laboratories used composite milk samples (a pool of milk from the 4 quarters of each cow) for culturing. Laboratory 1 used 50 µl of milk (instead of the recommended 10 µ1) on Esculin blood agar to isolate bacterial colonies and identified S. aureus colonies on the blood agar by morphology and hemolysis; fermentation of mannitol and growth in the presence of 6% NaCl and a 4-hr tube coagulase test were used for confirmation. Laboratory 2 used 100 µ1 of milk on Esculin blood agar to isolate colonies and performed Gram staining on suspected colonies; a 4-hr tube coagulase test was used for confirmation. Laboratory 3 used 50 µ1 of milk on blood agar to isolate colonies and identified S. aureus by morphology and hemolysis; a 4-hr tube coagulase test was used for confirmation. Laboratory 4 used 50 µ1 of milk on blood agar and identified S. aureus by morphology and hemolysis. All staphylococcal isolates were Gram stained and tested for catalase and coagulase production. Strips b were also used to identify all staphylococcal isolates. Laboratory 4 confirmed all samples except its own. Culture results from laboratory 4 were confirmed by another laboratory, which used a 10-µl loop of sample on blood agar and identified S. aureus by morphology and hemolysis; a 4-hr tube coagulase test was used for confirmation.
Panel selection. All 64 collected samples were subjected to confirmatory culture. Of this total, 13 samples with either culture discordants or gross contamination were rejected, and 51 samples were confirmed as culture-positive or culturenegative and placed in the sample set. The sample set was composed of 13 samples from Pennsylvania, 11 samples from New York, 7 samples from Virginia, 8 samples from Idaho, and 12 samples from Washington. Thirty samples were randomly selected from the set, given code numbers, and preserved with 2-bromo-2-nitropropane-1, 3-diol, or potassium dichromate. 3 ELISA. The ELISA was performed as indicated by the instructions in the kit. c Three different manufacturing serial lots of the kits were used in the study: 1-001, l-002, and 1-003. c Reference results (ELISA) of the 30 sample panel were obtained at VMRD, Inc., using research prototype reagents, and these results were verified at ProScience using serials 1-001, 1-002, and 1-003. The panel of 30 samples was given to each testing laboratory. The ELISA results on samples were scored both visually and by optical density plate reader at the 4 participating university laboratories.
Visual classification. Results were read visually against a white background. If the sample well appeared darker than the positive control (PC), the sample was classified positive for S. aureus antibody. If the sample well appeared about the same color as the PC, it was called suspect and classified positive for S. aureus antibody. If the sample appeared lighter than the PC, it was classified negative.
Optical density reader classification. Cornell University, d Pennsylvania State University,' and Washington University f used plate readers at 405 nm, and Virginia Polytechnic Institute and State University g used a plate reader at 410 nm. A sample with an optical density (OD) equal to or greater than that of the positive control (PC) was classified positive for S. aureus antibody. A sample with an OD that was 85-100% of that of the PC was called a suspect and classified positive for S. aureus antibody. A sample with an OD less than 85% of that of the PC was classified negative.
Specificity study. In an additional study with laboratory 4, 19 milk samples that cultured negative for S. aureus and positive for other bacteria were collected from cows in herds with some known S. aureus infections. Samples were cultured, and 11 of 19 were run on serials 1-001, l-002, l-003, and a quality control (QC) reference kit and 8 samples were run on the QC kit only.
Results
The randomly selected panel tested at the VMRD collecting laboratory had 100% (18/18) agreement between the ELISA and the culture test for culture-negative samples; 92% (11/12) for culture-positive samples, and 97% overall agreement (Table 1) . Sample 21 was culture-positive, ELISA-negative, and was the only sample with different results from the culture and antibody test. Sample 16 (OD 0.72) had an antibody level that was 112% of the positive control (OD 0.64) and was a weak-positive sample. Only 1 cow (sample 2) showed clinical signs of mastitis at the time of sampling.
The repeatability of the ELISA among laboratories is shown in Table 1 . Only 6 classifications out of 720 did not agree with the reference results. Five out of these 6 were obtained in sample 16, the weak-positive sample. These were classified using a plate reader. The other discordant result was a visual positive classification of sample 11 by laboratory 2, which classified this same sample as negative on the plate reader. The positive classification agreed in 259 of the 264 scores (98%). The negative classification agreed in 455 of the 456 classifications (99.8%). The agreement of all classifications was 99.2% (714 out of 720 classifications agreed).
The ELISA results on 19 samples from cows infected with bacteria other than S. aureus all showed OD values below the suspect cutoff value (Table 2) . Therefore, all samples from cows infected with bacteria other than S. aureus were classified negative on the ELISA, indicating a specificity of 100%.
Discussion
The results in this study demonstrate that the ELISA antibody test is highly repeatable. Four separate laboratories achieved a 99.2% agreement with reference results by testing a 30-sample panel with 3 different serial lots c of test kits. Five of the discordant test results were obtained on the weak-positive sample in the panel (sample 16), which is not unexpected. These discordant results were distributed as 2 discordants in serial 1-001, 2 discordants in serial 1-002, and 1 discordant in serial 1-003 c and were not related to a single serial lot of kits. This result suggests the need for the consulting veterinarian to review the OD data so that cows that test marginally negative can be identified. The overall results can then be integrated into other clinical and test information about the herd.
The 1 discordant test result on a negative sample (sample 11, Table 1 ) was classified as suspect visually but was clearly classified as negative using OD data on the same well.
Past studies have shown milk antibody reaction against S. aureus is 95.98% accurate relative to bacterial culture. 1, 2 In this study the ELISA antibody test was 97% accurate relative to bacterial culture. Disagreement between the 2 techniques is minimal but can create some concern in the interpretation of results. In this report, we have performed repeatability and specificity studies on the ELISA and confirmatory culture testing to evaluate within-test variation as the source of disagreement between the 2 techniques.
Somatic cell counts (SCC) do not correlate with the ELISA as shown in past studies.' Although most S. aureus-infected cows have high SCC in their milk, high numbers of leukocytes (SCC) can engulf bacteria and possibly cause a false-negative culture test in some COWS. 5 Also, some S. aureus -infected cows will have low SCC levels. Therefore, selection of animals for antibody or culture testing on the basis of high SCC will not result in identification of all infected animals.
The data in this study show that a difference between S. aureus antibody and culture tests should be expected for certain samples. The I discordant sample in the panel (sample 21, Table 1 ) was S. aureus culture-positive and antibody-negative. A second milk sample taken at a later date from the same cow tested antibodypositive (Adams, unpublished data). The initial discordant reading could be a result of an early infection that had not been present long enough to promote detectable antibody.
Another source of disagreement between the 2 techniques is the intermittent or low shedding patterns of cows with established mastitis. 2, 6 In this case, the milk would test antibody-positive and culture-negative during certain phases of the infection because of the persistence of detectable antibody levels. Another cause of a discordant ELISA test result could be when an S. aureus infection is localized in a nonlactating quarter that is not sampled for culture (Adams, unpublished data) . Other situations that lead to antibody-positive, culture-negative samples are when cows are <30 days fresh or are producing <30 pounds of milk. In these situations, serum antibody can appear in the milk, 1 and cows should be retested for antibody when they are > 30 days fresh or producing > 30 pounds of milk. l
The detection of all established S. aureus infections is very important because S. aureus infections are highly contagious and are usually subclinical. The ELISA antibody test can detect intermittent, low shedding of S. aureus, which may be missed during certain periods by the culture test. The small percentage of disagreement results from explainable differences in antibody and bacterial levels, and probably not from errors in either of the 2 techniques.
